INTRODUCTION
Spinal cord injury was once believed to effectively mark the end of a person's ability to lead a productive life. Advances in treatment and in attitudes to disabilities in recent decades have markedly improved the outlook for victims of spinal cord injury, and the potential of tissue transplants and new biomaterials to promote axonal regeneration and reduce scar tissue make full recovery from spinal cord injury a future possibility (Horner and Gage, 2000; Chen et al., 2000; Gautier et al., 1998; Woerly et al., 2001) . However, use of these treatments will require full knowledge of the anatomical and functional extent of the injury and of the condition of the spinal cord both above and below the injury site. Here, using functional magnetic resonance imaging (fMRI) of the spinal cord, we show the ability to map neuronal function in the spinal cord in healthy and spinal cord injured subjects, completely noninvasively.
Standard assessment of spinal cord injury relies on external signs and responses from the patient (American Spinal Injury Association, 2000) . A series of touch and pinprick tests at 28 different points on each side of the body, and attempts by the patient to move 10 different muscle groups on each side of the body, provide the basis for the assessment. However, applying touch or pressure where the patient has no sensation, and ineffective attempts at movement, yield little or no information about the condition of the spinal cord below the injury. The method we are presenting, Spinal fMRI, can provide information about spinal cord function whether or not the patient can feel the stimulus being applied. Knowledge of where the spinal cord continues to function in response to sensory stimuli when the patient has no awareness of the sensation and where the cord continues to be involved in attempted motor tasks when there is no muscle response will add considerable detail to the initial assessment of an injury and follow-up assessments. This method has already proven useful for studies of human and animal spinal cord physiology (Malisza and Stroman, 2001; Stroman et al., 2002a,b) .
The theory underlying the Spinal fMRI method is based on BOLD fMRI that has been developed for functional magnetic resonance imaging of the brain (Ogawa et al., 1990 (Ogawa et al., , 1993a . However, we have recently demonstrated that there is likely a second contrast mechanism contributing as well, based on local increases in extravascular water due to the increased blood flow during neuronal activation (Stroman et al., 2002a (Stroman et al., , 2001a . This signal enhancement appears to arise predominantly from a proton density increase in the extravascular spaces and therefore we have termed it "signal enhancement by extravascular protons," or SEEP. The local clearance of radiolabeled water from the blood into the brain has been demonstrated in PET studies in areas of neuronal activation with vibrotactile stimulation (Ohta et al., 1996; Fujita et al., 1997) . This effect is seen to be considerably larger (by roughly a factor of 3) in the spinal cord than in the brain (Stroman et al., 2002a (Stroman et al., , 2001a and so is particularly important for Spinal fMRI. Unlike the BOLD effect, the SEEP effect is detectable with spin-echo imaging methods with very short echo times and hence provides considerably greater image quality.
Whereas it has recently been demonstrated that BOLD signal changes reflect neural responses in the brain (Logothetis et al., 2001 ), this has not been similarly proven for Spinal fMRI. With conventional fMRI methods, areas of neuronal activity in the brain are inferred from signal changes detected in MR images each time a stimulus is applied. However, very little evidence of a relationship between MR intensity changes and neuronal activity has been demonstrated, until recently with the studies of Rees et al. (2000) , Heeger et al. (2000) , and Logothetis et al. (2001) . In the first two studies, signal intensity changes detected in functional MR image data sets obtained from human volunteers were evaluated in relation to varying degrees of stimulation and compared to neuronal firing rates measured in monkeys with the same stimulus. In the latter study, fMRI and electrophysiological data were recorded simultaneously in monkeys, but with a single stimulus intensity. Here we take a similar approach and measure fMRI signal intensity changes in the lumbar spinal cord with varying degrees of thermal stimulation applied to the L4 dermatome overlying the calf. These results are compared to electrophysiological recordings reported in the literature and demonstrate a strong correspondence between Spinal fMRI results and neural activity. This finding establishes the reliability of the activation maps obtained with Spinal fMRI. We therefore carried out the first studies of the injured human spinal cord, using this method, and the results are reported herein.
METHODS

Subjects
Fifteen healthy volunteers (8 male, 7 female) were studied and all provided written consent prior to entering the MR system. The mean age was 37 Ϯ 11 (SD) years (range 23 to 50 years) and no subject had any history of neurological or major medical disorder, and none were taking medication at the time of the study. Six subjects with histories of spinal cord injury were also studied (5 male, 1 female, age 41 Ϯ 10 years, range 29 to 56 years). The minimum time since the injury occurred was 4 years, and all were in stable condition and in otherwise good health. Four of the subjects had complete injuries (ASIA level A) as a result of impact injuries, and the remaining two had incomplete injuries as a result of a syrinx, and an abscess. All of the subjects had injuries between the sixth cervical and the eighth thoracic vertebrae, and so were well above the region of the cord we imaged. The 4 subjects with complete injuries were unable to feel the cold stimulus when it was applied and any feedback modulation from the higher central nervous system (CNS) was expected to be absent. The subject with a syrinx was able to feel the cold stimulus, whereas the subject with an abscess could feel the stimulus in the right leg, but only minimally in the left. The experimental protocol was reviewed and approved by our institute's Human Research Ethics Board.
MR Data Acquisition
Spinal fMRI studies were carried out with a 1.5-T clinical MR system (General Electric, Signa Horizon LX) with subjects supine. A dedicated phased-array spine coil was used for signal detection, whereas a body coil was used for transmission of uniform radiofrequency pulses. Functional timecourse data were obtained using a single-shot fast spin-echo sequence with an echo time of 34 ms and sets of five slices spanning the third to fifth lumbar spinal cord segments were imaged every 8.25 s. Slices were oriented transverse to the spinal cord and were aligned with either the intervertebral discs or the centers of the vertebral bodies according to our established methods (Stroman and Ryner, 2001; Stroman et al., 1999) . The imaging field of view was 12 cm and data were obtained in a 128 ϫ 128 matrix yielding a roughly 0.9-mm in-plane spatial resolution. Flow compensation gradients were applied in the through-slice direction and spatial saturation pulses were applied to eliminate signal from surrounding regions anterior and to the right and left of the spine. This was to eliminate aliasing and reduce motion artifacts from the abdomen.
Thermal Stimulation Paradigm
Thermal stimulation was applied with a Medoc TSA-II thermal sensory analyzer controlled from a personal computer. The temperature probe was 3 ϫ 3 cm and was placed against the skin on the inner calf to stimulate the L4 dermatome. In each experiment, images were acquired repeatedly while the stimulator was held constant at 32°C for 49.5 s, then ramped to 10°C and held for 33 s, after which the temperature was returned to 32°C for another 49.5 s. The 10°C cold stimulation was applied a second time for 33 s and was followed by another 66 s at 32°C. In separate experiments the time for the transition from skin temperature to 10°C was 8. 25, 16.5, 24.75, 33, or 41.25 s. Experiments were also carried out with the temperature reduced to only 15°C and the temperature changes carried out over 8.25 or 16.5 s. Finally, studies with a noxious cold stimulus were carried out with the stimulus applied at 2°C with the transition occurring over 8.25 s. For studies of spinal cord-injured subjects we wished to apply the stimulus to both sides of the body. In order to keep the total study time reasonable, experiments were carried out with the temperature transition occurring in 8.25, 24.75, or 41.25 s, and these were repeated with the stimulus applied to each leg.
Data Analysis
Data were analyzed using custom-made software written in IDL (Interactive Data Language, Research Systems Inc., Boulder, CO). The data analysis included rigid-body registration of the images to reduce any effects of motion during the data acquisition. The image alignment was performed only on a subregion of the images containing the spinal canal to avoid the effects of changes in the tone or position of the surrounding muscle. A model paradigm was defined for correlation to the signal intensity changes in order to identify regions of the spinal cord that changed intensity in response FIG. 1. Activity in the lumbar spinal cord in response to a 10°C thermal stimulus applied to the L4 dermatome, with the temperature transition occurring in 8.25s. The images are overlaid with the combined activity from 13 subjects demonstrating the consistent areas of activity. Red indicates the greatest consistency (greatest overlap) across subjects, with the degree indicated by colors decreasing in spectral order. The schematic inlay (bottom right) shows the expected areas of activity in the spinal cord with a sensory or noxious stimulus. The schematic is magnified roughly a factor of 5 compared to the MR images. The five images span the area from the L5/L4 spinal cord segments (top left), across the L1/L2 segments (top right), to approximately the T12 segment (bottom center). Images are oriented with the right side of the body to the left and the dorsal aspect of the spine toward the bottom of the images.
FIG. 2.
Combined data from the same subjects and the same region of the spinal cord shown in Fig. 1 , demonstrating regions of activity arising only in the latter 24.75 s of the 33-s duration cold stimulation at 10°C. The color scale used for the consistent areas of activity, and the schematic inlay, are the same as that used in Fig. 1 . Again, images are oriented with the right side of the body to the left and the dorsal aspect of the spine toward the bottom of the images.
to the stimulation (Bandettini et al., 1993) . The paradigm was defined with the signal higher during stimulation than during the baseline conditions with the probe at 32°C. However, only data acquired during the constant temperature periods were used for calculating the correlation to the model paradigm. No model was assumed for the signal intensity changes occurring during the temperature transitions. Analyses of the late response to 10°C stimulation were carried out with a paradigm defined with higher signal during the latter 24.75 s of the cold stimulation, and baseline signal otherwise,
FIG. 3.
Plot of the fractional signal change measured in the lumbar spinal cord in response to a graded thermal stimulus from skin temperature (32°C) down to 10°C (black symbols). The error bars show the standard deviation of values averaged over 15 healthy subjects. For comparison, results from 8 subjects for which the temperature was reduced to only 15°C are also shown (white symbols). The signal change response observed in 3 subjects with complete spinal cord injuries is also shown as a function of the temperature applied (X symbols).
FIG. 4.
Comparison of activity identified in control subjects (top row) with right leg stimulation with that observed in one spinal cord subject with stimulation of the right leg (middle row) and of the left leg (bottom row). The slices span the area from the L5/L4 spinal cord segments (left) to the L1/L2 segments (right).
without a transition interval between the conditions. This way the initial cold sensation response was excluded and only the response to the noxious stimulation that developed over time was identified. Those image regions undergoing signal intensity changes correlated with the pattern of stimulation with a correlation coefficient greater than 0.35 (corresponding to P Ͻ 0.05) were assumed to be regions of neuronal activation related to the stimulation.
RESULTS AND DISCUSSION
Mapping of Activity in Spinal Gray Matter with Graded Thermal Stimulation
Experiments carried out with a thermal stimulus applied with temperature changes from skin temperature (32°C) to cold (10°C) occurring at five different rates yielded data over a range of stimulation intensities and also permitted investigations of the transition from sensation to noxious sensation. By aligning the MR images from all subjects we were able to combine the results and construct a map of the consistent activity detected in the spinal cord (Fig. 1) . Activity was consistently observed in the ipsilateral dorsal horn spanning roughly laminae I to V, corresponding to sensory input. Activity in lamina VIII in the intermediate gray matter was also prominent. This area contains propriospinal neurons that project to other regions within the same spinal cord segment and adjacent segments and project to higher levels of CNS that play a role in the conscious awareness of the sensation (Zigmond et al., 2002) . The ventral region lamina IX, which is a motor region presumably involved with the reflex to withdraw from the sensation, was also seen to be active. Some apparent activity was detected within the anterior median fissure and was expected to reflect blood flow within the large vessels in this fissure. Activity was also detected on the contralateral side of the cord, but was less prominent. The contralateral activity was seen primarily in the dorsal gray matter and in an intermediate region as well. The schematic inlay in Fig. 1 shows the expected regions of activity with sensory input and demonstrates that the distribution we observed is in excellent agreement with the neuronal anatomy of the spinal cord.
With the 10°C probe placed against the skin, after a short period of time the sensation becomes uncomfortable and subjects reported a transition from the feeling of cold to noxious sensation. Analysis of the data designed to detect signal changes occurring only in the latter 24.75 s of the cold stimulation yielded a fairly different distribution of activity in the spinal cord, as shown in Fig. 2 . In this case the clearly dominant areas of activity were the superficial regions of the dorsal horn (laminae I-III), with noticeably less involvement from the intermediate and ventral regions of the gray matter. This is consistent with an increase in input from nociceptors as the cold sensation becomes uncomfortable. Notably, there appears to be more activity in the dorsal region on the contralateral side as well and also more activity in the central motor area, lamina X. Similar results were obtained with a noxious cold stimulus (2°C) applied to the same region of the skin (L4 dermatome). In comparison to the control condition (temperature ramped to 15°C during stimulation), noxious cold stimulation showed more prominent ipsilateral activity in the superficial gray matter of the dorsal horn corresponding approximately to Rexed's laminae I and II. Figure 3 shows a plot of the fractional signal intensity change that was measured as a function of the degree of thermal stimulation, averaged over 15 healthy volunteers.
MRI Intensity Changes: Relation to Spinal Neuron Activity
The signal intensity changes demonstrate a clearly biphasic response to the stimulation. With even a weak stimulus at 29°C a signal change of 2.6 Ϯ 1.1% (mean Ϯ SD) is observed, and the response increases only marginally to 3.2 Ϯ 0.5% at a temperature of 15°C. Below this temperature the signal intensity change is much larger, reaching 7.0 Ϯ 0.9% at 10°C. For comparison with these results, studies were repeated with the stimulation temperature at 15°C in 8 of the healthy subjects we studied. These data demonstrated the same pattern and signal intensity changes at each temperature, except at 15°C. With the temperature held constant for 33 s the response at 15°C was larger at 6.4 Ϯ 1.3%. We therefore conclude that the duration of the stimulation is an important factor and is expected to have contributed to the magnitude of the signal intensity change measured at 10°C as well. This pattern of signal change in relation to the temperature applied clearly demonstrates the transition from sensation to noxious sensation and corresponds well with the neuronal activity in the spinal cord. Electrophysiological data recorded from peripheral nerves in monkeys demonstrate that the most likely sources of the input we detect are from highthreshold cold receptors (HCR) and mechanothermal nociceptors (MTN) (LaMotte and Thalhammer, 1982; DarianSmith et al., 1973) . HCR discharge at a rate that increases almost linearly with decreasing temperatures, independently of the initial adaptation temperature (LaMotte and Thalhammer, 1982) . These receptors are believed to be responsible for the nonpainful cold sensation caused by transient stimuli between 0 and 30°C and the sense of prolonged cold elicited by sustained temperatures below 20°C, but do not contribute to the sense of cold pain. The painful cold sensation arises from MTN which typically have a very low discharge rate at 20°C, but the rate increases rapidly at lower temperatures, roughly doubling from 15 to 10°C (LaMotte and Thalhammer, 1982) . Similarly, electrophysiological recordings directly from the spinothalamic tract in monkeys (Kenshalo et al., 1982) show only a slight increase in the discharge rate in cooling the skin from 20 to 15°C, but with a considerable increase in the discharge rate with cooling to 10°C. The response to temperatures below the pain threshold (15-18°C) is characterized as gradually increasing with lower temperatures, but the peak response develops over time and in some cases can be reached after the cold stimulus is removed. Recordings from two types of spinothalamic tract neurons (COOL and HPC) in lamina I in the cat also demonstrate a response pattern very similar to that shown in Fig.  3 (Craig et al., 2001) . These electrophysiological data are consistent with our observations of a slowly varying fMRI signal response at temperatures between 28 and 15°C (primarily HCR input), changing to a more rapidly increasing response at lower temperatures (HCR ϩ MTN input), and with a stronger response with the cold stimulus maintained for several seconds.
Spinal Cord Injury
Spinal cord activity was detected with Spinal fMRI in the lumbar region, below the site of injury, in all six spinal cord-injured subjects studied. With stimulation at 10°C, signal intensity changes detected in the spinal cords below complete injuries averaged 7.2 Ϯ 1.5% (mean Ϯ SD, n ϭ 4). Moreover, the time course of signal changes observed with thermal stimulation ramped at various rates is very similar to that observed in noninjured subjects (Fig. 3) . Signal intensity changes plotted as a function of the temperature applied demonstrated the same biphasic response observed in healthy volunteers and show a transition from sensation to noxious thermal stimulation with time.
The spatial distribution of activity in the lumbar spinal cord in subjects with complete injuries was noticeably altered compared to that observed in noninjured subjects (Fig. 4) . In general, activity in the dorsal and intermediate gray matter appeared to be diminished or absent, whereas activity on the contralateral side was more prevalent. This pattern of activity was reversed when the thermal stimulus was applied to the opposite side of the body. In contrast, the distribution of activity in the one subject we studied with a syrinx, and who was able to feel the stimulus, did not appear to differ from that of noninjured subjects. Similarly, the subject with an abscess showed a normal response with stimulation that he could feel (on the right leg), but had a pattern of activity like that of the injured subjects when he had minimal sensation of the stimulus (left leg).
The change in the distribution of activity identified in spinal cord-injured subjects may reflect a loss of descending inhibition from the higher CNS in the gray matter contralateral to the stimulus. Alternatively, inhibitory impulses from interneurons crossing from the ipsilateral side may be absent, resulting in greater activity detected on the contralateral side. The latter scenario appears to be more consistent with the paucity of activity detected on the ipsilateral side. Whereas the input to the spinal cord was expected to be unaltered in all of the spinal cord-injured subjects studied, the spinal gray matter clearly did not respond to the input as is observed in noninjured subjects. However, we have not recorded somatosensory evoked potentials to confirm that the sensory input was indeed unaltered. Nonetheless, the reduction or absence of activity is expected to be the result of a loss of ascending white matter tracts, particularly the spinothalamic tract, thereby reducing or eliminating the metabolic demands in the spinal gray matter. The effect we are observing on the contralateral side of the cord may be similar to that described by Chen et al. (2001) . In their study, activity in individual interneurons was recorded during muscle stretching and vibration while the descending input was blocked. They found that interneurons most strongly activated by vibration were suppressed by the loss of descending input, whereas those with input from higher threshold afferents showed enhanced excitability.
General Discussion
Functional magnetic resonance imaging of the spinal cord, Spinal fMRI, is a relatively unexploited adaptation of conventional fMRI of the brain. We have previously investigated the characteristics of the MR signal changes occurring in the spinal cord upon neuronal activation (Stroman et al., 2001b) and we have developed a robust method that deviates only slightly from that of conventional fMRI (Stroman et al., 1999; Stroman and Ryner, 2001 ). The methods we employ can be carried out in standard clinical MRI systems without modification or the need for special equipment. Maps of activity in the spinal cord with a graded thermal stimulus demonstrate specific areas of activity associated with sensation and motor and reflex control responses to the stimulus. Analysis of the neuronal response to holding a 10°C cold stimulus against the skin overlying the calf for a period of time clearly demonstrates more activity in the superficial regions of the dorsal gray matter, corresponding to noxious stimulation. Moreover, we have demonstrated a correspondence between neuronal activity in the spinal cord and spinal fMRI signal changes. The signal intensity progression with a thermal stimulus ramped from skin temperature to 10°C shows a clear transition from cold sensation to noxious cold sensation, involving a larger group of spinal neurons as input from cold receptors is augmented by that from nociceptors. The sensitivity and reliability of the method we are presenting are thus demonstrated.
The application of Spinal fMRI to the study of spinal cord injury, healing, and recovery or to clinical evaluation of patients and of treatment effectiveness are the ultimate goals of the work we are undertaking. To this end, we present the first application of Spinal fMRI to spinal cord-injured subjects and the first noninvasive demonstration of activity in the human spinal cord below the site of injury. The signal intensity changes observed in the injured spinal cord (7.2 Ϯ 1.5%), below the injury site, are essentially identical to those observed in healthy volunteers with the same stimulus (6.6 Ϯ 0.9%). The MR signal intensity changes recorded with different stimulation temperatures also match those for healthy volunteers and serve to confirm that we are detecting neuronal activation in the spinal cord below the site of injury. However, we have observed that the response of the spinal cord below the site of injury is different from that of noninjured subjects in its spatial distribution within the gray matter.
Changes in time after the initial injury and variations between subjects and degrees and levels of injury are expected to cause variation in the distribution of activity that is observed in the spinal cord below the site of injury, and we have studied a relatively small number of subjects with similar injuries. Much more work must be done to characterize the changes that occur in the spinal cord above and below the injury site. Nonetheless, we have opened the door to a view of the spinal cord that has never before been observed, and this view is relatively easily accessible with conventional clinical MRI systems.
